The genetic variants of the ATP-binding cassette, subfamily G, member 2 (ABCG2) are known to be involved in developing cancer risk and interindividual differences in chemotherapeutic response. The polymorphisms in ABCG2 gene were genotyped by using PCR-RFLP assays. We found that ABCG2 G34A GA/AA genotype, C421A AA genotype, and haplotypes 34A-421C and 34G-421A were significantly associated with increased risk for developing breast carcinoma. Furthermore, ABCG2 C421A AA homozygote had a significant enhanced therapeutic response in patients with neoadjuvant anthracycline-based chemotherapy. Moreover, ABCG2 G34A AA genotype carriers displayed a longer OS in ER positive patients or PR positive patients after postoperative anthracyclinebased chemotherapy. These results suggested that the ABCG2 polymorphisms might be a candidate pharmacogenomic factor to assess susceptibility and prognosis for breast carcinoma patients.
Introduction
Breast carcinoma (BC) is one of the most common malignant cancers worldwide and is the leading cause of cancer-related deaths in women [1] . Chemotherapies are often used as neoadjuvant and adjuvant therapy for BC. However, the development of multidrug resistance is a big problem in BC. It is well known that the multidrug resistance involving drug efflux pump systems contributes to chemotherapy failure and poor prognosis in BC patients [2, 3] . ATP-binding cassette (ABC) transporters, which transport a variety of molecules including chemotherapeutic drugs, are known to mediate the multidrug resistance of BC [4] [5] [6] . ABCG2 protein, also called breast cancer resistance protein (BCRP), belongs to the family of ABC transporters, mediating high levels of resistance to a variety of anticancer agents [7] [8] [9] .
The ABCG2 gene is located on chromosome 4q22 and encodes a 655-amino acid protein. Single-nucleotide polymorphisms (SNPs) in the ABCG2 gene have been identified in various ethnic populations [10] [11] [12] [13] . The most frequent SNPs in the ABCG2 gene are G34A (rs2231137, V12M), which codes for Val12Met, and C421A (rs2231142, Q141K), which codes for Gln141Lys. These polymorphisms are associated with decreased expression and then reduce transporter activity of the ABCG2 protein [14] [15] [16] [17] . For example, the variation of C421A in the ABCG2 gene is associated with an elevated risk of gout and has been reported to reduce the plasma membrane expression and the transport function of BCRP protein in the model cells [16] . In addition, the ABCG2 protein level in human placenta carrying C421A A allele is significantly lower than that carrying C421A C allele [17] .
BioMed Research International
Therefore, ABCG2 SNPs alter the expression and transporter activity of ABCG2 protein and thus may be associated with the development of carcinoma and interindividual variability in drug response to anticancer agents and the clinical outcome.
To date, only few studies have investigated the association between the ABCG2 polymorphisms and the susceptibility and survival of carcinoma [18] [19] [20] [21] [22] [23] . In a case-control study, Korenaga et al. found that carrying C421A CC genotype showed an increased risk of developing nonpapillary renal cell carcinoma [18] . Furthermore, Hahn et al. demonstrated that hormone-refractory prostate cancer patients carrying ABCG2 C421A genotype more likely survived beyond 15 months compared with those carrying C421A CC genotype [19] . In addition, Han et al. reported that the C421A variant was associated with an increased risk for diffuse large Bcell lymphoma (DLBCL), and the C421A CC genotype was associated with poor survival of DLBCL in patients younger than 50 years at diagnosis or with bulky tumor [20] . This study further demonstrated that carriers of G34A AA genotype allele displayed worse survival as a prognostic indicator [20] . Although the associations between ABCG2 gene polymorphisms and carcinoma risk and prognosis have been evaluated for these carcinomas, the genetic effect of the ABCG2 polymorphisms on the susceptibility and prognosis of BC is still unclear.
Therefore, in this large prospective cohort, we investigated the G34A and C421A polymorphisms in the ABCG2 gene between 1169 BC patients and 1244 healthy controls and attempted to explore the correlation between these polymorphisms with BC susceptibility, development, and clinical outcomes after chemotherapy. Our study provides theoretic basis data for personalized BC chemotherapy.
Materials and Methods

Study Population.
In this study, 1230 patients with newly diagnosed BC were recruited consecutively from 2001 to 2012 at the First Hospital of China Medical University (Shenyang, China) and Shengjing Hospital of China Medical University (Shenyang, China). The principal clinical characteristics, including age at diagnosis, gender, menopausal status, and first-degree family history of cancer, were obtained from the interviewer-administered health risk questionnaires and medical records. According to clinical stages, the samples were dichotomized into stages I and II and stages III and IV. Approximately 95% of contacted patients consented to enrollment in the study. We excluded patients, whose blood samples for the ABCG2 genotyping were not available. Finally, 1169 patients were included in the study.
A clinical oncologist retrospectively collected clinical and pathological characteristics and therapeutic responses after chemotherapy from medical records. Overall, the majority of the patients received anthracycline-based chemotherapy (preoperative neoadjuvant therapy, = 148; postoperative adjuvant chemotherapy, = 761). Clinical tumor response was assessed after the 2nd cycle of first-line preoperative neoadjuvant chemotherapy as complete remission (CR), partial remission (PR), stable disease (SD), or progressive disease (PD) based on the Response Evaluation Criteria in Solid Tumors (RECIST). The anthracycline-based chemotherapy regimens contain CE (Cyclophosphamide and Epirubicin), CA (Cyclophosphamide and Adriamycin), CEF (Cyclophosphamide, Epirubicin, and 5-Fluorouracil), and CAF (Cyclophosphamide, Adriamycin, and 5-Fluorouracil).
In this study, we recruited 1244 unrelated healthy controls matched by gender, age, and menopausal status. The controls had no known medical illness or hereditary disorders and were not taking any medications. Before its commencement, the study was approved by the Research Ethics Committee of China Medical University, and informed consent was obtained from each participant.
Genotyping Analysis.
Genomic DNA was isolated from a leukocyte cell pellet of each blood sample according to the TIANGEN manufacturer's instructions. ABCG2 polymorphisms were genotyped by polymerase chain reactionrestriction fragment length polymorphism (PCR-RFLP) method. PCR amplification was performed as follows: 100 ng of genomic DNA, 300 nM of each primer, 200 nM dNTPs, and 0.5 U Taq polymerase in PCR buffer (TaKaRa Biotechnology (Dalian) Co. Ltd., Dalian, China). The reaction for amplification was carried out in the following conditions: an initial melting step of 5 min at 94 For ABCG2 G34A, the 291-base pair (bp) PCR products were digested with BseMI (Fermentas Life Science (Beijing) Ltd., Beijing, China) at 55 ∘ C overnight. The G allele was uncut, and the A allele was cut into 261 bp and 30 bp bands (Figure 1(a1) ). For ABCG2 C421A, the 302 bp PCR products were digested with TaaI (Fermentas Life Science (Beijing) Ltd., Beijing, China) at 65 ∘ C overnight. The C allele was uncut, and A allele was cut into 252 bp and 50 bp bands (Figure 1(b1) ). Samples were coded for case-control status, and at least 10% of the samples were randomly selected and subjected to repeat analysis as quality control for verification of genotyping procedures, and some samples were also identified by DNA sequencing analysis (Figures 1(a2∼a4 BC risk were assessed using odds ratios (ORs) and 95% CIs from both univariate and multivariate logistic regression analyses. Multivariate Cox proportional hazards regression models were performed to obtain the adjusted hazard ratio (HR) and 95% CI for potential prognostic factors in BC patients. The Kaplan-Meier method and the Log-rank test were used to analyze the associations of the survival time with demographic characteristics and SNPs. The disease-free survival (DFS) was calculated as the time between the first day of treatment and an occurrence of recurrence, metastases, death, or last known follow-up. The overall survival (OS) was calculated as the time between the first day of treatment and death or last known follow-up.
Results
Demographic and Baseline Characteristics of the Study
Population. The present study included 1169 female patients with pathologically confirmed BC and 1244 age-and gender-matched healthy controls. The variables of the cases and controls are summarized in Supplementary Table 1  (Table S1 in Supplementary Material available online at http://dx.doi.org/10.1155/2015/279109). There were no significant differences in the distributions of age ( = 0.953) and menopausal status ( = 0.321) between cases and controls. The age was matched between cases (range, 22-85 years; median, 50 years) and controls (range, 23-70 years; median, 48 years). Most BC patients were in stage I or II (57.3%), had invasive ductal cancer (IDC) of breast origin (79.9%), and underwent anthracycline-based chemotherapy (65.1%). 54.1% of the patients in this cohort had lymph node metastasis. The variables of age and menopausal status were further adjusted for any residual confounding effects in later multivariate logistic regression analyses.
Association of ABCG2 Polymorphisms and BC Risk.
The frequencies of allelic and genotype distribution for G34A and C421A polymorphism in the ABCG2 gene and the haplotypes for both BC patients and controls are summarized in Table 1 . The frequency distribution of G34A and C421A genotype in control fits well to Hardy-Weinberg equilibrium ( = 0.487 and = 0.577, resp.). A significant increased frequency of the G34A GA/AA genotype was observed in BC patients (GA/AA versus GG: = 0.026; adjusted OR: 1.199, 95% CI: 1.022-1.406). The A allele frequency of the G34A polymorphism was significantly different in the BC patients from that in the controls and appeared to be associated with an increased risk of BC (A versus G: = 0.016; adjusted OR: 1.163, 95% CI: 1.028-1.316). Furthermore, the homozygous variant of C421A AA genotype was associated with a higher risk of developing BC (adjusted OR: 1.352, 95% CI: 1.024-1.785; = 0.033). Moreover, the A allele of the C421A polymorphism was associated with a significantly increased risk of BC in comparison to the C allele genotype (adjusted OR: 1.130, 95% CI: 1.001-1.276; = 0.048).
We further investigated the association of the haplotypes of ABCG2 G34A, C421A with the risk of developing BC. All those frequencies <0.05 will be ignored in the haplotype analysis. We observed that the haplotypes G34A G-C421A 
Correlation of ABCG2 Polymorphism with Clinicopathological Characteristics.
To further assess the clinical utility of ABCG2 genotyping, we investigated the correlation of G34A and C421A polymorphisms in ABCG2 gene with clinicopathological features of BC patients by using 2 test and unconditional logistic regression adjusted by age and menopausal status, outlined in Table 2 .
We observed that the distribution frequency of ABCG2 G34A genotype was associated with tumor clinical stages. The frequency (52.9%) of the G34A GG genotype in patients with III or IV tumors was significantly higher than that (43.3%) in patients with I or II tumors ( = 0.002, adjusted OR: 0.687, 95% CI: 0.543-0.868). Furthermore, ABCG2 C421A polymorphism was associated with the ER or PR status in BC patients. The frequency distribution (47.4%) of C421A CC genotype in BC patients with ER positive status was significantly higher than that (39.4%) in patients with ER negative status. Moreover, a higher frequency (48.3%) of the C421A CC genotype was observed in patients with PR positive status compared with patients with PR negative status (Table 2) . However, no significant correlation of genotype distributions of ABCG2 G34A, C421A polymorphisms was observed with other clinicopathological parameters (age at diagnosis, menopausal status, first-degree family history of cancer, tumor size, histology, lymph node metastasis, HER2 status, p53 status, BRCA1 status, and BRCA2 status). Table 3) . No significant association was observed between G34A polymorphism and therapeutic response to anthracycline-based NCT.
Association between ABCG2 Polymorphisms and Therapeutic Responses to Neoadjuvant
Association between ABCG2 Gene Variants and the Prognosis of BC.
To test the hypothesis that ABCG2 polymorphisms is an independent prognostic factor in this cohort, we further evaluated the correlation of G34A, C421A polymorphisms, and the survival time of the BC patients with postoperative chemotherapies obtained from the Log-rank test and multivariate Cox regression analysis.
We found that ABCG2 G34A polymorphism had a significant impact on the OS (Log-rank test: = 0.046, Figure 2(a) ) in the patients with anthracycline-based chemotherapy ( = 761). The estimated median OS for BC patients carrying G34A AA genotype was 166 months (121.45-210.27) compared with the GG genotype carriers' 127 months (112.64-140. 19 ). The multivariate Cox regression analysis further established that carrying G34A AA genotype acted as an independent prognostic factor (adjusted HR: 0.709, 95% CI: 0.507-0.991, = 0.044), outlined in Table 4 . Furthermore, a significant association was observed between G34A polymorphism and OS (Log-rank test: = 0.017; Figure 2 (b)) in the ER positive patients ( = 444). Carrying G34A GA or AA genotype displayed significant effect for prolonged OS compared with those who had GG genotype (147 months, 95% CI: 83.87-166.13 for GA genotype, and 216 months, 95% CI: 68.38-363.62 for AA genotype, versus 125 months, 95% CI: 83.87-166.13 for GG genotype). Moreover, the multivariate Cox regression also verified that G34A AA genotype showed a longer OS (adjusted HR: 0.496, 95% CI: 0.271-0.909, = 0.023). Then, a significant prolonged OS time was observed in G34A polymorphism in PR positive patients treated with anthracycline-based chemotherapy ( = 418) (Log-rank test: = 0.043; Figure 2(c) ). ABCG2 G34A In addition, multivariate Cox regression analysis identified that tumor size (>2.0 cm), clinical stages (III or IV), and lymph node metastasis status (node positive) of the patients were found to be predictive of worse prognosis in DFS and OS, outlined in Table 4 . Meanwhile, the menopausal status of BC patients was observed as a worse DFS (adjusted HR: 1.524, 95% CI: 1.016-2.285, = 0.042) but not OS. The same proportional hazard assumptions were applied for patients with paclitaxel-based chemotherapy ( = 79) or anthracycline plus paclitaxel-based chemotherapy ( = 101). However, no correlation of ABCG2 SNPs was observed as a significant predictor of prognosis in patients with paclitaxelor anthracycline plus paclitaxel-based chemotherapy (Table  S2 ).
Discussion
ABCG2 was first detected in breast cancer-resistant cells and can facilitate the efflux of a variety of specific endogenous substrates, certain xenobiotics, and anticancer agents (such as Adriamycin/daunorubicin, 7-ethyl-10-hydroxycamptothecin, topotecan, and mitoxantrone), mediating multidrug resistance [7, [24] [25] [26] . The polymorphisms of G34A and C421A in the ABCG2 gene have been reported to alter the expression or activity of ABCG2 [15, 17, 27, 28] and predispose carriers to a high risk of developing cancers such as nonpapillary renal cell carcinoma [18] , DLBCL [21] , and hormone-refractory prostate cancer [19] . However, the association between ABCG2 polymorphisms and BC susceptibility, response to chemotherapy, and prognosis of BC patients still remain to be elucidated. Therefore, the present study attempted to systematically evaluate the association between the ABCG2 G34A and C421A polymorphisms and the BC susceptibility, clinicopathological features, and clinical outcomes in BC patients after preoperative anthracyclinebased NCT or postoperative anthracycline-, paclitaxel-, and anthracycline plus paclitaxel-based chemotherapy.
Little is known regarding the ABCG2 polymorphism in terms of the potential impacting risk of carcinogenesis and clinical outcomes. In the present study, we found that carriers with ABCG2 G34A A allele and C421A A allele and haplotype G34A A-C421A C or G34A G-C421A A were significantly associated with the increased BC risk. Our finding that the C421A A allele is associated with susceptibility of BC is consistent with the previous study, which reported that the C421A A allele increased the risk of developing DLBCL [21] . The mechanisms underlying the associations of ABCG2 polymorphism with susceptibility of carcinogenesis remain unclear. It has been reported that ABCG2 G34A and C421A variants decrease the expression and the transporter activity of ABCG2 protein [14, [29] [30] [31] . Recent paper also showed that individuals carrying heterozygous ABCG2 variant (C421A) have significantly lower ABCG2 protein expression in their red cells than individuals carrying the wild type [16] . ABCG2 is known to be involved in the efflux of a wide array of structurally divergent substrates such as mitoxantrone, doxorubicin, and topoisomerase I inhibitor [32] [33] [34] , suggesting that wild ABCG2 may prevent the cells from accumulation of carcinogens. Therefore, it is likely that the individual with the variants of C421A A allele and/or G34A A allele may have decreased capability to exclude the carcinogens and thereby becomes susceptible to carcinogenesis. However, in contrast to the findings that ABCG2 C421A A allele conferred an increased risk of BC and DLBCL, Korenaga et al. found that ABCG2 C421A CC genotype was associated with a higher risk for developing nonpapillary renal cell carcinoma [18] . This difference remains unknown and may result from the distinct molecular mechanisms underlying the development of different carcinomas. To identify the prognostic markers of multidrug resistance which are targeted effectively to increase chemosensitivity would represent a significant advancement in the treatment of BC. Thereafter, we analyzed the correlation between the ABCG2 polymorphisms and the prognosis after chemotherapy. As expected, a remarkably better therapeutic response rate (4.669 times) was observed for patients who carried ABCG2 C421A AA genotype after anthracyclinebased NCT. Likewise, similar results also were reported that C421A AA genotype was associated with longer survival of DLBCL in patients younger at diagnose (≤50 years) or with bulky tumor [21] . The increased survival time conferred by ABCG2 polymorphisms was reported by the findings which identified that ABCG2 C421A variants decreased the transport activity of substrates such as chemotherapeutic agents (anthracycline) [30, 33, 35] . Accumulation of chemotherapeutic drugs improves the efficacy of chemotherapy in the wild genotype of ABCG2 gene, thus resulting in a better prognosis. Furthermore, a significantly prolonged OS was observed in all BC patients, ER or PR positive patients with ABCG2 C421A variants after postoperative anthracyclinebased chemotherapy established by Log-rank test and multivariate Cox regression analysis. However, we did not find any statistically significant association between G34A genotypes 
